The ability to tune the optical response of magnetic materials via external magnetic fields has initiated the interest to use magnetic materials in plasmonics to implement active tunability into plasmonic structures[@b1][@b2]. Further, combining plasmonics effects with magnetic materials has been shown to enhance the magneto-optical response[@b3][@b4][@b5][@b6][@b7][@b8][@b9]. While in bulk materials the magneto-optical activity is governed by the spin--orbit interaction, a property that is intrinsic to a given material, it has recently been shown that the magneto-optical response of magnetic nanoparticles is governed by localized surface plasmon resonances (LSPRs)[@b10][@b11]. Further studies with elliptical particles revealed that the LSPR-polarized orthogonally with respect to the driving field and light propagation direction was solely responsible for the response[@b12][@b13]. The system was accurately described by two orthogonal, damped harmonic oscillators corresponding to a light-induced longitudinal LSPR-polarized parallel to the incident field (the first oscillator) and a spin--orbit-induced transverse LSPR-polarized perpendicular to the driving field (the second oscillator). In contrast to vastly studied plasmon resonances of non-magnetic metallic nanoparticles in which a simple relation exists between the driving and the emitted field, magnetic nanoparticles exhibit a richer and magnetic field tunable plasmonic phase and amplitude response due to coupling between two orthogonal oscillators.

Here we address a question that naturally arises from the coupling between two orthogonal directions---what happens when the magnetic nanoparticles are arranged in a two-dimensional rectangular lattice? It is known that periodic arrangement of metallic nanoparticles (or holes) may lead to Fano-type surface lattice resonances (SLRs) with extremely narrow and asymmetric line shapes[@b14][@b15][@b16][@b17][@b18][@b19][@b20]. Such systems have recently shown to exhibit strong coupling with molecules[@b21][@b22][@b23]. However, no specific effects were associated with the two-dimensional nature of the lattice, that is, the response was insensitive to the periodicity parallel to the polarization of the driving field; in this case, the relevant lattice modes were so-called perpendicular SLRs, which can be excited with TE-polarized light and are prominent in symmetric refractive index environments. Recently, however, a transverse magnetic-like parallel SLR mode was identified in two-dimensional arrays of gold nanoparticles[@b24][@b25]; the system response was sensitive to the periodicity parallel to the polarization of the incident light and insensitive to the perpendicular periodicity due to a large difference in periodicities[@b25] or due to an inhomogeneous refractive index environment[@b24]. Furthermore, symmetric two-dimensional arrays of gold nanoparticles were studied with transverse magnetic-polarized light and a nonzero angle of incidence[@b26], which resulted in lasing when embedded in a gain medium[@b27].

Here we explore the interplay between periodic arrangements of magnetic nickel (Ni) nanoparticles and their single-particle optical and magneto-optical response. For the first time, we show that the LSPR supported by the Ni nanoparticles hybridizes with the narrow line width diffracted orders of the lattice (Rayleigh anomalies) via radiation fields. This results in a prominent Fano-type SLR with a very narrow asymmetric line shape. We show that the polar magneto-optical Kerr response is strongly modified by the presence of the SLR and that the magneto-optical activity is governed by the SLR mode that is associated with the periodicity parallel to the driving field.

Results
=======

Effects induced by periodicity and magnetic field
-------------------------------------------------

In [Fig. 1a](#f1){ref-type="fig"}, we show the schematic of the system under study. A two-dimensional array of metallic nanoparticles with periodicities *p*~*x*~ and *p*~*y*~ are driven by the external electric field *E*~*y*~, which induces a dipole moment *d*~*y*~ and radiation predominantly along the *x* axis in each nanoparticle. An important special case arises when the angle of incidence is zero and the particle spacing *p*~*x*~=*λ*/*n*, where *λ* is the free space wavelength of the driving field and *n* is the refractive index of the homogeneous medium surrounding the particles. Under these conditions, radiation fields from all the particles interfere constructively at each particle location. In the absence of magnetization, the system response is governed by *d*~*y*~ and *p*~*x*~. If, however, the particles are composed of a magnetic material with out-of-plane magnetization, then *E*~*y*~, due to spin--orbit coupling, induces an additional dipole moment *d*~*x*~. As a result, the polarization of the reflected light rotates and becomes elliptical. Thus, the system response may be influenced not only by *d*~*y*~ and *p*~*x*~, but also by *d*~*x*~ and *p*~*y*~. Whether and how *d*~*x*~ and *p*~*y*~ affect the response, however, is an open question and thus motivates the present study.

Optical and magneto-optical response
------------------------------------

To study the optical and magneto-optical response of the samples, we measured the normal incidence optical reflectivity and polar magneto-optical Kerr ellipticity *ɛ* and rotation *θ* of the reflected light field with two incident light polarizations *E*~*x*~ and *E*~*y*~. Since measurements were performed in reflection geometry at normal incidence, the reflected electric field strengths are directly proportional to the amplitudes of the induced dipoles so that *E*^r^~*y*~/*E*^r^~*x*~=*d*~*y*~/*d*~*x*~ (see also [Fig. 1a](#f1){ref-type="fig"}). Thus, we define the Kerr ellipticity *ɛ*=Im(*d*~*y*~/*d*~*x*~) and rotation *θ*= Re(*d*~*y*~/*d*~*x*~) for *E*~*x*~ polarization of the incident field. Similarly, *ɛ*=Im(*d*~*x*~/*d*~*y*~) and *θ*=Re(*d*~*x*~/*d*~*y*~) for *E*~*y*~ polarization of the incident field. The spin--orbit-induced dipole moment depends on the direction of magnetization in the Ni nanoparticles, and hence it can be controlled by an external magnetic field. In the magneto-optical Kerr effect measurements, full hysteresis curves were recorded for each wavelength in out-of-plane magnetic fields up to±400 mT, which is sufficient to fully saturate the Kerr ellipticity and Kerr rotation signals. The experimental values of *ɛ* and *θ* were subsequently extracted from the data by averaging of the saturated magneto-optical Kerr responses. The results are compared with a numerical model based on discrete dipole approximation (DDA)[@b28][@b29][@b30]. The measurements were carried out for three different particle diameters---80, 120 and 160 nm (the results for 80 and 160 nm diameter particles are shown in [Supplementary Figs 1 and 2](#S1){ref-type="supplementary-material"}). For a detailed description of the sample fabrication, magneto-optical measurements and the numerical model see the Methods section.

[Figure 2a](#f2){ref-type="fig"} shows the optical reflectivity of the samples composed of 120 nm diameter particles for linear polarized light along the *x* axis. The periodicities (*p*~*x*~ × *p*~*y*~) were: (1) 400 × 400 nm, (2) 400 × 460 nm, (3) 400 × 480 nm and (4) 400 × 500 nm. Also shown is the result for a random sample, where the particle size, number and orientation are the same as in the 400 × 400 nm sample, but the particles are randomly distributed along the sample. As no constructive interference effects are present for the randomly distributed particles (grey curve), the response is dominated by a broad LSPR centred at 750 nm. For the 400 × 400 nm sample, a radically different, strongly asymmetric and wavelength-dependent response is obtained as compared with the random sample. The reflectivity minimum is located at 600 nm, which corresponds to the \<+1, 0\> and \<−1, 0\> diffracted orders of the lattice further confirmed by angle-resolved transmission measurements (see [Fig. 1c](#f1){ref-type="fig"}). This response is due to radiative coupling of the particles in a periodic array, hybridizing the broad single-particle resonance with the narrow delocalized diffracted orders of the lattice, resulting in a prominent Fano line shape (see also [Supplementary Figs 3--6](#S1){ref-type="supplementary-material"}). Similar Fano-type resonances have been previously identified for noble metal nanoparticles in periodic arrangements by our and other groups[@b15][@b18][@b20][@b21], for periodic corrugations in magnetic films[@b31][@b32][@b33] and for individual dimer structures composed of noble- and magnetic metals[@b34][@b35], but to our knowledge this is the first study in which SLRs are reported for magnetic Ni nanoparticle arrays. As the high ohmic losses in Ni result in very broad LSPR (*Q* factor ∼3 in the present case), radiative coupling of such lossy resonators is not obvious. Nevertheless, the coupling is evident from the asymmetric line shapes and the angle-resolved measurements.

For the asymmetric samples, the resonance is redshifted to 700, 725 and 750 nm as the sample periodicity *p*~*y*~ is increased to 460, 480 and 500 nm, respectively (see red, green and blue curves in [Fig. 2a](#f2){ref-type="fig"}). This is due to the gradual redshift of the constructive interference condition of the radiation fields along the *y* axis of the array. All the reflectivity curves are accurately reproduced by the numerical DDA method, see [Fig. 2b](#f2){ref-type="fig"}.

The measured Kerr ellipticity and rotation for an incident polarization along the *x* axis are shown in [Fig. 2c,e](#f2){ref-type="fig"}, respectively. Both the ellipticity and rotation of the random sample (grey line) are mainly featureless and dominated by a broad LSPR. Contrary to the random sample, the 400 × 400 nm sample shows features in both ellipticity and rotation corresponding to the SLR at 600 nm (see the black lines in [Fig. 2c,e](#f2){ref-type="fig"}). We next consider samples in which the periodicity *p*~*x*~ is maintained at 400 nm while *p*~*y*~ is gradually increased to break the symmetry of the lattice. All these samples exhibit virtually identical magneto-optical responses around 600 nm, independent of *p*~*y*~. This behaviour is very similar to the purely optical response with opposite polarization *E*~*y*~, where the most prominent features are also at 600 nm (see the red, green and blue curves in [Fig. 2g](#f2){ref-type="fig"}). The magneto-optical results are in good agreement with the DDA calculations (see [Fig. 2d,f](#f2){ref-type="fig"}). We note that the *p*~*y*~-dependent features at (700, 725 and 750 nm) in the experimental data are due to a small sample tilt and that they are reproduced by DDA if a sample tilt of about 0.04° is assumed with respect to the incident field polarization. The inset of [Fig. 2d](#f2){ref-type="fig"} shows the DDA spectra in the absence of the tilt. The emergence of these *p*~*y*~-dependent features with increasing rotation of sample axis is also evident in [Supplementary Fig. 7](#S1){ref-type="supplementary-material"}.

Let us now inspect in detail the optical responses for linear polarized light along the *y* axis. Three issues are evident from [Fig. 2g](#f2){ref-type="fig"}: (1) the optical reflectivity of the random sample shows only LSPR-dominated response, (2) the *p*~*x*~=400 nm, *p*~*y*~=400 nm sample shows strong features at 600 nm and (3) due to lack of asymmetry, the two aforementioned samples show polarization-independent reflectivities (compare the gray and black curves in [Fig. 2a,g](#f2){ref-type="fig"}). Furthermore, apart from the intensity, the optical responses of all the asymmetric samples (*p*~*y*~ ≠ 400 nm) are very similar to the 400 × 400 nm sample (compare the black to red, green and blue curves in [Fig. 2g](#f2){ref-type="fig"}). This is because the principal radiation direction of each particle is along the short period (*p*~*x*~=400 nm), so the constructive interference condition for the radiation is met at the same wavelength as for the 400 nm × 400 nm sample. This is further confirmed by the DDA model (see [Fig. 2h](#f2){ref-type="fig"}). The small *p*~*y*~-dependent features at 700, 725 and 750 nm in the optical reflection spectra (see the red, green and blue curves in [Fig. 2h](#f2){ref-type="fig"}) are likely due to a parallel SLR mode, as recently reported in the context of plasmonic nanoparticle arrays[@b24][@b25]. In contrast to refs [@b24], [@b25], however, our system is studied in a symmetric dielectric environment under normal incidence. Under these conditions, coupling to parallel SLRs is weak, and consequently, this mode is virtually undetectable in the experimental reflectivity curves ([Fig. 2g](#f2){ref-type="fig"}).

The Kerr ellipticity and rotation for random and symmetric 400 × 400 nm samples with incident *E*~*y*~ polarization are, as they should be, similar to the data for *E*~*x*~ polarization due to symmetry (to compare, see the grey and black curves for ellipticity in [Fig 2i,c](#f2){ref-type="fig"} and for rotation in Fig. 2k,e). However, the Kerr ellipticity and rotation of the asymmetric samples show strong features (minima) at gradually increasing wavelengths (700, 725 and 750 nm) as a function of increasing periodicity *p*~*y*~ (460, 480 and 500 nm), see the red, green and blue curves in [Fig. 2i,k](#f2){ref-type="fig"}. Notably, the features appear at the same wavelengths as the optical reflection minima for orthogonal (*E*~*x*~) polarization (see [Fig. 2a](#f2){ref-type="fig"}), and are in good agreement with the numerical DDA model. The small features at 600 nm, again, are present in the DDA calculations only if a slight sample tilt of 0.04° is introduced with respect to the driving field. We also carried out similar measurements for arrays composed of 80 and 160 nm diameter particles (see [Supplementary Figs 1 and 2](#S1){ref-type="supplementary-material"}). Increasing optical reflectivity is observed with larger particles. Owing to a gradual redshift of LSPR for increasing particle size, slightly different shapes are obtained for the reflectivity, Kerr rotation and Kerr ellipticity curves, but otherwise the results are qualitatively similar to the ones shown for 120 nm particles in [Fig. 2](#f2){ref-type="fig"}. The measurement results are again in good agreement with the corresponding DDA calculations.

Our results can be summarized as follows. While the optical response of the samples is governed by the lattice periodicity perpendicular to the polarization of the driving field, the magneto-optical response is dominated by the periodicity parallel to the polarization. The SLRs produce strong and spectrally sharp features in the magneto-optical response, which can be accurately controlled by tuning the lattice periodicity.

Analytical model
----------------

To gain physical insight to the observed phenomenon beyond the DDA calculations, we developed a simple analytical model with four coupled oscillators (see [Fig. 3](#f3){ref-type="fig"}). The subindices SP*x*(*y*) refer to the LSPR in each particle in the *x*(*y*)-direction (for our cylindrical nanoparticles they are the same) and DOx(y) refers to the periodicity-dependent diffracted orders in the lattice. The parameters *k*~DO~ and *m*~DO~ in the model are connected to the sample resonance frequencies and thus to periodicities *p* by the relation *k*~DO*x*(*y*)~/*m*~DO*x*(*y*)~=(2*πc*/(*np*~*x*(*y*)~))^2^, where *n* is the refractive index of the medium. The radiation-induced hybridization of LSPRs and diffracted order modes results in SLRs. This is implemented into the model by the coupling springs *k*~RAD*y*~ and *k*~RAD*x*~. The spin--orbit-induced coupling between SP~*x*~ and SP~*y*~ is described by *K*~SO~. The entire system thus consists of four masses and seven springs. The spring constants (*k*), masses (*m*) and damping (*γ*) of each oscillator are chosen to match the experimentally-measured resonance frequencies and line widths, see [Supplementary Figs 3--6](#S1){ref-type="supplementary-material"} and [Supplementary Table 1](#S1){ref-type="supplementary-material"}. The incident field polarization *E*~*x*~ corresponds to the condition *F*~*x*~≠0, *F*~*y*~=0; likewise *E*~*y*~ to the condition *F*~*x*~=0, *F*~*y*~≠0. The displacements *r*~SP*x*~ and *r*~SP*y*~ of masses *m*~SP*x*~ and *m*~SP*y*~ from their equilibrium positions correspond to the induced dipole moments *d*~*x*~ and *d*~*y*~ in each particle, respectively. The equations of motion for the system are straightforward to derive but cumbersome, see [Supplementary Note 1](#S1){ref-type="supplementary-material"}. Here we only discuss the main results.

We begin by inspecting the response for condition *F*~*x*~≠0, that is, *E*~*x*~ polarization ([Fig. 4a,c,e](#f4){ref-type="fig"}). While the optical response \|*r*~SP*x*~\| exhibits Fano-like features at around 750 nm ([Fig. 4a](#f4){ref-type="fig"}), the Kerr ellipticity and rotation (Im(*r*~SP*y*~/*r*~SP*x*~) and Re(*r*~SP*y*~/*r*~SP*x*~), respectively) exhibit features at 600 nm ([Fig. 4c,e](#f4){ref-type="fig"}). This means that the optical response is governed by the period *p*~*y*~, while the magneto-optical response is sensitive to the period *p*~*x*~, which is in accordance with the experimental data (compare [Fig. 4a,c,e](#f4){ref-type="fig"} with the blue lines in [Fig. 2a,c,e](#f2){ref-type="fig"} respectively). Similarly, the condition *F*~*y*~≠0 (*E*~*y*~ polarization) results in an optical response at 600 nm dominated by *p*~*x*~, while the Kerr ellipticity and rotation responses at 750 nm are due to *p*~*y*~ (compare [Fig. 4b,d,f](#f4){ref-type="fig"} with the blue lines in [Fig. 2g,i,k](#f2){ref-type="fig"}, respectively).

We are able to explain this behaviour by analysing in detail the amplitude and phase response of the two oscillators *m*~SP*x*~ and *m*~SP*y*~. For simplicity, we focus on the case *F*~*x*~≠0 (the left column in [Fig. 4](#f4){ref-type="fig"}). First, we note that while the amplitude response of the driven oscillator \|*r*~SP*x*~\| exhibits prominent features only at the wavelength corresponding to the SLR~*y*~ condition of the driven oscillator (the blue line in [Fig. 4a](#f4){ref-type="fig"}), the non-driven oscillator \|*r*~SP*y*~\| exhibits nearly equally strong features at two wavelengths, one corresponding to resonance condition of SLR~*x*~ and the other to SLR~*y*~ (grey line in [Fig. 4a](#f4){ref-type="fig"}). Thus, one would expect also the magneto-optically relevant ratio, *r*~SP*y*~/*r*~SP*x*~ to exhibit features at two wavelengths corresponding to SLR~*x*~ and to SLR~*y*~. The analytical expression for *r*~SP*y*~/*r*~SP*x*~, however, proves that this assumption is incorrect: for *F*~*x*~≠0, the ratio *r*~SP*y*~/*r*~SP*x*~ does not depend on any of the parameters related to the SLR~*y*~, that is, (*m*, *k*, *γ*)~SP*x*~, (*m*, *k*, γ)~DO*y*~ or *k*~RAD*y*~. Instead, we find that *r*~SP*y*~/*r*~SP*x*~=*A*/(*B*+*C*+*D*), where

where *λ* is defined as 2*πc*/*ω*, here *c* is the speed of light and *ω* is the angular frequency in the oscillator model.

The complete absence of an SLR~*y*~-related magneto-optical signal at 750 nm is explained by the observation that the SLR~*y*~ enhances both *r*~SP*x*~ and *r*~SP*y*~ and that these changes exactly cancel each other in the ratio *r*~SP*y*~/*r*~SP*x*~ ([Fig. 4c,e](#f4){ref-type="fig"}). A similar result is obtained for *F*~*y*~≠0; in this case, all parameters on the right of the spring *K*~so~ have no effect on the magneto-optical response, that is, on the ratio *r*~SP*x*~/*r*~SP*y*~, and correspondingly, no features are seen in the Kerr ellipticity and rotation at the SLR~*x*~ resonance wavelength of 600 nm ([Fig. 4d,f](#f4){ref-type="fig"}).

To summarize, the physical origin of the purely optical response is threefold: (1) the individual particle polarizability along the direction of polarization (defined by (*m*, *k*, *γ*)~SP*x*~ for *F*~*x*~≠0); (2) the radiation predominantly along the direction perpendicular to the polarization (defined by *k*~RAD*y*~ for *F*~*x*~≠0); and (3) the radiation-induced hybridization of the single-particle resonances with the diffracted orders (defined by (*m*, *k*, *γ*)~DO*y*~ for *F*~*x*~≠0). In this simple model, the above parameters have no effect on the magneto-optical response. In contrast, the terms (*m*, *k*, *γ*)~SP*y*~, *k*~RAD*x*~ and (*m*, *k*, *γ*)~DO*x*~, affect the ratio *r*~SP*y*~/*r*~SP*x*~ and thus the magneto-optical response, but they have no effect on the purely optical response (that is, to \|*r*~SP*x*~\| when *F*~*x*~≠0).

Discussion
==========

In summary, we have shown that two-dimensional rectangular Ni nanoparticle arrays display SLRs leading to a spectrally narrow and strong magneto-optical response. While in the case of randomly arranged particles, the high ohmic losses of Ni result in very broad resonances, the arrays produce narrow spectral features (\< 50 nm) due to hybridization of the LSPR with low-loss lattice modes. In a single nanoparticle, spin--orbit coupling induces optical dipoles in two orthogonal directions. In an array, we show that the intricate interplay between the two principal lattice directions results in a polar magneto-optical Kerr response that is governed by the lattice period parallel with the electric driving field, opposite to the purely optical response which is dominated by the period orthogonal to the driving field. The ability to accurately control longitudinal and orthogonal LSPRs by variation of the period and the spectral separation of SLRs provides highly tunable, narrow and intense magneto-optical resonances. At specific wavelengths, the Kerr ellipticity and rotation are enhanced four- and threefold, respectively, as compared with the case of randomly oriented particles.

Our results are different from the effects of periodic structures in magneto-plasmonics reported earlier. Either the systems reported were different (for example, a uniform film of ferromagnetic material overlaid with a one-dimensional gold grating[@b3][@b4][@b5][@b6]) or did not show the same results presented here. For instance, in the case of two-dimensional magnetic nanoparticle arrays[@b31][@b32][@b33], the hexagonal lattice geometry did not allow for a direct assessment of the effects discussed here. The rectangular square lattice studied in ref. [@b36] was composed of gold/nickel composite particles, masking the effects arising from the pure plasmonic response of the magnetic material. Further, the array period was chosen such that the resonances we find were not present. In ref. [@b37], the effects of periodicity on magneto-optical activity in a magnetic nanowire array were studied---but only theoretically and for a system different from ours, namely, one-dimensional wires composed of dielectric material.

As the optical and magneto-optical responses of the system can be tuned independent of each other, one may consider further enhancing the magneto-optical activity without affecting the optical response. The analytical model provides the general method for doing so---parameters of the non-driven oscillator (SLR~*x*(*y*)~ for *E*~*x*(*y*)~ polarization) should be optimized in such a way that the ratio *r*~SP*y*~/*r*~SP*x*~ is maximized. This can be done (for *E*~*x*~ polarization of the incident field), for example, by bringing the resonance wavelengths of the LSPR~*y*~ and the diffracted order DO~*x*~ (see [Fig. 3](#f3){ref-type="fig"}) close to each other. Another approach would be to further break the symmetry of the system---the resonances of plasmonic nanoparticle dimers are known to hybridize via optical nearfields, and, when the polarization of the driving field is parallel with the axis of the dimer, high-field enhancements and dipole moments are obtained at the resonance frequency. In our case, a single particle in the lattice could be replaced with a closely spaced dimer with axis oriented perpendicular to the polarization of the driving field, resulting in a higher magneto-optically induced dipole moment and thus enhanced magneto-optical activity. Furthermore, the magneto-optical response can be enhanced by reducing the losses. One might consider minimizing the radiative losses by hybridizing the lattice mode with a subradiant one, as is done for example, in ref. [@b26]. Also, ohmic losses could be optimized on a given frequency regime by appropriate material choice (small imaginary part of the dielectric function at the desired wavelength range).

Our results are likely to initiate fruitful new research directions in magneto-plasmonics and magneto-optics. For instance, the nanoparticle geometry can be changed at will allowing for the design of dispersions, line widths and positions of the resonances. The SLR modes can be made highly coherent and may couple strongly with emitters, for instance; combining this with magnetic control opens up new future perspectives, for example, for information processing. The spectral selectivity, tunability as well as strength of the magneto-optical resonances found in our study also enable immediate and important applications, such as label-free phase-sensitive biosensing[@b38]. Our results are an example of how symmetry breaking at the material level (spin--orbit coupling) may interplay with the geometry and (a)symmetries of ordered nanostructures composed of the same material.

Methods
=======

Sample fabrication
------------------

Cylindrical Ni nanoparticles in both random and periodic arrangements were fabricated by electron-beam lithography ([Fig. 1a](#f1){ref-type="fig"}) on a glass substrate (Agar Scientific Microscope Cover glasses). Three different particle diameters were studied, namely 80, 120 and 160 nm while the thickness was maintained at 90 nm. All the measurements were carried in a symmetric refractive index (*n*=1.51) environment. The lattice constant for periodic arrays was varied between 400 and 500 nm, which places the Rayleigh anomalies in the 600--750 nm wavelength range. The dimensions for all arrays were (600 μm)^2^.

Measurements
------------

The optical responses of the samples were measured in the absence of external magnetic field. Zero-order reflection and transmission spectra of the samples were measured with an optical microscope (Nikon TE 2000) whose output was directed to a spectrometer (Princeton Instruments Acton SP2500). Angle-resolved transmission spectra for each array were measured by using the same setup and placing the back focal plane of the sample at the entrance slit of the spectrometer. The magneto-optical Kerr effect measurements were conducted with a Kerr spectrometer consisting of a broadband supercontinuum laser (NKT SuperK EXW-12 with acousto-optical filter), providing monochromatic light with a wavelength between 450 and 850 nm, polarizing optics, a photoelastic modulator (Hinds Instruments I/FS50), and a photodiode detector. The light was focused onto the sample at an angle of 0.5° with respect to the surface normal. The reflected light (diameter ∼1.5 mm) was passed through an aperture to spatially select light from the nanoparticle array only. Out-of-plane magnetic fields of up to ±400 mT were applied using an electromagnet (GMW Model 3470). The Kerr ellipticity and Kerr rotation were simultaneously recorded by lock-in amplification of the modulated signal at 50 and 100 kHz, respectively (see [Supplementary Figs 8 and 9](#S1){ref-type="supplementary-material"} and [Supplementary Note 2](#S1){ref-type="supplementary-material"}). Magneto-optical spectra were obtained by measuring a hysteresis curve at each wavelength. From the curves, the saturated Kerr ellipticity and Kerr rotation could be accurately extracted by data averaging. During measurements, the samples were immersed in index matching oil to provide a symmetric refractive index environment. To contain the oil, a cover glass was used. Reflections from the front and back glass interfaces were eliminated by a background measurement of the bare glass system (that is, without Ni nanoparticles) and by placing a wedge prism on the backside of the glass substrate.

Numerical methods
-----------------

The magneto-optical responses of Ni arrays were modeled using DDA[@b28][@b29][@b30]. First, the polarizabilities *α* of single Ni scatterers were calculated using the measured permittivity *ɛ* of Ni[@b39]. The particles were assumed to be surrounded by homogeneous media with refractive index of 1.51. Owing to the comparably large sizes of individual scatterers, possible depolarization effects were taken into account by using the approach of ref. [@b12]. The fabricated nanodisks were approximated as ellipsoidal particles of similar dimensions. The resulting polarizability tensor *α*~*ij*~ had the usual anti-symmetric structure of polar magneto-optical Kerr effect:

where for our case of cylindrically symmetric particles *α*~*xx*~=*α*~*yy*~ and *α*~*xy*~=−*α*~*yx*~ due to the external magnetizing field. The Cartesian coordinates correspond to the sample coordinates shown in [Fig. 1](#f1){ref-type="fig"}.

A plane wave with two polarizations (*x* and *y*) at normal incidence was used for excitation. We found it computationally more efficient to simulate the collective responses of large arrays by simulating infinitely large arrays using periodic Green\'s functions[@b40]. The evaluation of periodic Green\'s functions was accelerated using the Ewald method[@b41][@b42]. We used the DDA formulation to solve the self-consistent internal field **E**~loc~, and wrote the algorithm using MATLAB. Since the measurements were performed in reflection geometry at normal incidence, the induced dipole moments were used to calculate scattered field in a backward direction using ref. [@b30]

where *k* is the amplitude of the wave vector, is the identity dyadic and is the dyadic product of radial unit vector . DDA calculations for Ni arrays were performed with a periodicity of *p*~*x*~=400 nm in *x* direction and periodicities of *p*~*y*~=400, 460, 480 and 500 nm in the *y* direction, as defined by the coordinate system shown in [Fig. 1](#f1){ref-type="fig"}. Reflection spectra were calculated by taking the modulus squared of the scattered field, and the magneto-optical spectra were calculated from the ratios of the scattered fields, which in our case are equal to taking the ratios of induced polarizations **P**=*α***E**~loc~ for both input polarizations. Then, by taking the real (imaginary) part of the ratio

we obtain quantities proportional to the measured Kerr rotation (ellipticity).

The particles support also quadrupole modes but we have confirmed by FDTD simulations that those occur at much higher frequencies than the dipole resonances.
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![Magnetic nanoparticle arrays and experimental configuration.\
(**a**) Schematic of the system under study. For magnetic nanoparticle arrays, we show that, in the presence of magnetic material, the system response is governed not only by the induced dipole moment *d*~*y*~ parallel to the driving field *E*~*y*~ and the lattice period *p*~*x*~ (direction of dipole radiation), but also by the spin--orbit-induced and magnetic-field tunable dipole moment *d*~*x*~ and lattice period *p*~*y*~. (**b**) Scanning electron micrograph of an ordered rectangular array of cylindrical Ni nanoparticles. Scale bar, 200 nm. (**c**) Angle- and wavelength-resolved optical transmission of a sample with *p*~*x*~=*p*~*y*~=400 nm and with particle diameter 120 nm, showing crossing of the \<+1, 0\> and \<−1, 0\> diffracted orders of the lattice at normal incidence.](ncomms8072-f1){#f1}

![Optical and magneto-optical responses of the samples.\
The schematics on the left illustrate the direction of incident polarization and the induced dipole moments that are probed in the measurements. The graphs in the middle and right show experimental data and results from DDA simulations, respectively. The black, red, green and blue curves correspond to the periodicities *p*~*y*~=400, 460, 480 and 500 nm, in all the figures. The grey line corresponds to a random sample. (**a**,**b**) Normal incidence optical reflectivity for incident light polarization *E*~*x*~. The magneto-optical Kerr ellipticity (**c**,**d**) and rotation (**e**,**f**) with polarization *E*~*x*~. Normal incidence optical reflectivity (**g**,**h**), the magneto-optical Kerr ellipticity (**i**,**j**) and rotation (**k**,**l**) for polarization *E*~*y*~. Note that the DDA simulations were carried out with a small (0.04°) rotation of incident light polarization to account for the *p*~*y*~-dependent features in the experimental spectra (**c**,**e**). The inset of **d** shows a DDA result without this rotation. In contrast, the small features in **h** are not caused by a small sample tilt (see text for discussion).](ncomms8072-f2){#f2}

![Oscillator model for optical and magneto-optical response of magnetic nanoparticle arrays.\
The single-particle LSPR in the *x* (*y*) direction is composed of *m*~SP*x*(*y*)~, *k*~SP*x*(*y*)~ and the damping term *γ*~SP*x*(*y*)~. The diffracted orders of the array are described by (*m*, *k*, *γ*)~DO*y*(*x*)~, the radiative coupling between the LSPRs and the diffracted orders by *k*~RAD*y*(*x*)~, and the spin--orbit coupling between the two orthogonal oscillators inside the particles by *K*~SO~. We chose our model parameters to mimic the *p*~*x*~=400 nm, *p*~*y*~=500 nm sample: in this case the SLR~*x*~ resonance is at 600 nm while the SLR~*y*~ is at 750 nm.](ncomms8072-f3){#f3}

![Results of the oscillator model.\
Blue lines: quantities analogous to the reflectivity (**a**,**b**), Kerr ellipticity (**c**,**d**) and Kerr rotation (**e**,**f**) as a function of *λ*. Here *λ* is defined as 2*πc*/*ω*, where *c* is the speed of light and *ω* is the angular frequency in the oscillator model. In **a**,**b**, the amplitude response of the non-driven oscillator is depicted as a grey line. The left column corresponds to *F*~*x*~≠0 (*E*~*x*~ polarization) and the right column to *F*~*y*~≠0 (*E*~*y*~ polarization).](ncomms8072-f4){#f4}
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